INTRODUCTION
The burning of fossil fuels for energy is still the primary source of global energy production due to their availability and has a significant role in environmental contamination. Lean premixed combustion is one of the most promising concepts for substantial reduction of pollutant emissions because it decreases the burning temperature which leads to a reduction of the NOx formation.
The development of efficient combustion devices in a rapid and cost-effective manner, requires predictive models that should be robust and general as much as possible.
Modelling of a premixed flame in a turbulent flow environment remains a challenging task due to the non-linear coupling of turbulence structures, time-and length-scales, and the combustion process.
Different type of interaction turbulence/combustion, such as flamelets regime (infinitely thin reaction zones), pocket or distributed reaction zone lead to the so-called combustion diagrams where different regimes are identified and delineated by introducing nondimensional characteristic numbers and length scales ratio. High accurate measurements of the temperature gradient will provide data describing of the instantaneous, thermal structure of premixed flames that can be interpreted and use to validate different models of turbulent combustion.
First, the predicted results for laminar combustion obtained with CANTERA and GRI3.0 mechanism are compared with experimental data.
Next, for turbulent flow, the effect of modelling of turbulence-combustion interaction is analysed.
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MATEMATICAL MODEL
The complete set of equations governing the fluid flow is obtained from the fundamental conservation laws, and bringing together the continuity, momentum and energy equations. The resulting Navier-Stokes mathematical model is the most general description of the flow of a Newtonian fluid in thermodynamic equilibrium.
Navier-Stokes equations
The full Navier-Stokes equations describing the conservation of mass, momentum, total energy and conservation of N chemical species are [1] :
where ij  is the shear (viscous) stresses:
In the above equations, 
In the above, 
where M D is the m-th species molecular diffusion coefficient. Gradients of temperature and pressure can also produce species diffusion (Soret and Dufour effects, respectively). The pressure p is directly derived from the equation of state for perfect gas:
Finally, total mass conservation is ensured by enforcing: 
 
where D is the dissipation coefficient of progress variable c, and
is equilibrium mass fraction of product species i.
RANS turbulence model
The classical approach to model turbulent flows is based on single point average of Navier-Stokes equations (RANS). Using the Favre averaging [2] , noted by ..., the governing equations are:
The turbulent Reynolds stresses
are calculated using Boussinesq hypothesis:
where turbulent viscosity t  and turbulent kinetic energy k are:
The introduction of the Favre average variables k and  (turbulent dissipation) requires modelled equations, which are for the
where the production of turbulent kinetic energy
and the closure constants are 1
The energy flux 
Turbulent combustion modelling
In most applications, the Reynolds number characteristic of the fluid flow in the flame region is sufficiently high such that the combustion process occurs in a turbulent flow field. The effects of the turbulence are generally advantageous for the efficiency of the combustion, since turbulence enhances the mixing of component chemical species and heat [2] but adverse effects upon combustion can also occur, if the turbulence level is sufficiently high to create flame extinction. In turn, combustion may enhance the turbulence through dilatation and buoyancy effects caused by the heat release.
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Thus, a thorough understanding of the combustion process would require first to understand the interplay and interdependency between combustion and turbulence. However, the field of turbulent combustion is still an open research topic and significant research efforts are currently underway towards this end.
The turbulence convects/mixes cold reactants and hot products into the reaction zones, where reaction occurs rapidly, so the combustion is said to be mixing-limited. A turbulencechemistry interaction model, called eddy-dissipation model, based on the work of Magnussen and Hjertager [3] proposes a limited reaction rate given by the smaller of the net rate of production of species m due to reaction r calculated by the two expressions below:
For turbulent premixt combustion the transport equation for the density-weighted mean reaction progress variable c is:
where u  is the density of unburnt mixture, Sc t is the turbulent Schmidt number and S t is the turbulent flame speed.
Zimont [4, 5] has proposed that turbulent premixed flames can be modelled based on a theory that turbulent premixed combustion takes place with a stationary combustion velocity, that depends on the turbulence and physicochemical parameters of the mixture. This model assumes an increasing flame brush thickness according to the turbulent diffusion law. The turbulent flame speed is calculated as a function of the physicochemical properties of the combustible mixture and turbulence parameters is given as:
where A is a model constant, S l is laminar flame speed, α is molecular heat transfer coefficient of unburnt mixture and l t is turbulence length scale.
CASE DESCRIPTION
Flow configuration
The problem studied is similar to that presented by Lafay [6] and [7] ; the experimental setup consists of a vertical wind tunnel ( near-field, located at 35 mm above the heated rod. For numerical simulation the computational domain is presented in Fig. 2 with an average grid size of 0.25 mm, and the temperature of the heated rod is imposed at 1000K. For turbulent cases, an isotropic and homogeneous turbulent flow is generated using perforated plates located upstream the rod. Various blockage ratio and mesh size are used to vary by an order of magnitude the level of turbulence. For the highest turbulence regime MH, a new type of turbulence generator called "Multi-Scale Turbulence Injector" (MoSTI) [8, 9] has been designed and tested in the Coria laboratory.
The MoSTI injector is made of three perforated plates shifted in space such that the diameter of their holes and blockage ratio increase with the downstream distance. MoSTI injector provides higher turbulence kinetic energy distributed over a large range of scales. Moreover, homogeneity and isotropy are reached earlier with higher turbulence intensity at a moderate Reynolds number ( Re  ≈80) based on the Taylor micro scale. Five lean turbulent premixed methane-air flames at equivalence ratio of =0.6 are investigated. The regimes are summarize in Table 1 , where:  u is integral length-scale, S L is laminar flame speed (S L =0.11 m/s),  L is laminar flame thickness ( L =1.02 mm).
Locations of investigated regimes in the combustion diagram Fig. 3 , are at a quasiconstant integral turbulent length scale, starting from a relatively low turbulence corresponding corrugated flamelets regime (case B), to a very high turbulence, in thin reaction zone (case MH). 
The reaction mechanisms
For a lean methane-air flame, ten reactions mechanism where implemented in CANTERA and Ansys Fluent. The mechanisms are presented in Table 2 , starting with the most complete GRI3.0, with 53 species and 325 reaction and ending with R1 mechanism with only 4 species and one reaction. The kinetic mechanisms can be classified in three categories: complete GRI3.0 and Sandiego, skeletal Leroy DRM19, Sankaran, Kee and reduced mechanisms the last four. It is very important to assess different mechanism because the cost calculation is increasing with the complexity of the mechanism.
RESULTS
Laminar flame
First we start with one dimensional analysis, by testing several complete and skeletal kinetics mechanisms for a lean methane-air flame with CANTERA library. Usually in engineering calculation we are interesting in prediction of burn gases temperature and eventually on the flame thickness but better understanding of the combustion physics is very important, too. One of the analysed quantities is the normal temperature gradient to the flame front direction. For the analysis we use an adimensional temperature named progress variable and defined as:
where T u is unburn temperature and T ad is adiabatic burn temperature.
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Fig . 4 The progress variable gradient for laminar flame front for different mechanisms (Cantera). In Fig. 4 the gradient of progress variable versus progress variable is plotted. For all analyzed mechanism, the shapes are similar. The maximum value of the gradient is located near the 0.65 value of the progress variable. Moreover, the maximum value of the temperature gradient is practically the same for the all models excepting Leroy mechanism. Consequently, the flame thickness obtained with Leroy model is slightly higher in respect to the all other mechanisms. This can be seen in Fig. 5 that shows the predicted temperature distribution versus the flame thickness.
We see again the similarity of prediction for all models and the effect of the small temperature gradient predicted by Leroy model which has a larger preheat zone. Regarding of the burn temperature, all mechanisms have a very well predictions. Fig. 6 , where the gradient of progress variable and standard deviation are plotted along the flame front. The results are very accurate in the preheat and the flame zones but in the burn side the range of experimental data is much larger. This is due to the noise that has a greater influence in the burn side, because the scattered signal captured by the camera is lower than the signal in unborn side.
In the following we present the results obtained using Ansys Fluent in comparison with the results predicted by Cantera with the most complete mechanisms GRI3.0. Fig. 7 The progress variable gradient for laminar flame front for different mechanisms (Fluent). All mechanisms excepting GRI3.0 are implemented in Ansys Fluent due to the imposing limit of 50 species. We observe a distinct behaviour for the complete and skeletal mechanisms from the reduced mechanisms, see Fig. 7 . For reduced mechanisms the maximum of the temperature gradient is shifted to the burn side while for the complete and skeletal mechanisms the maximum is shifted on the preheat side, so the flame will be larger for reduced mechanisms (Fig. 8) and much thinner for complete and skeletal mechanisms.
In our opinion the differences are due to the convection effects which are not captured in Cantera software. For the complete mechanisms presence of secondary species change the energetic balance locally and the effect, is an increase of temperature gradient in the preheat zone, so the combustion is amplified and the flame thickness is thinner. Because the chemistry time scale is very small compared with the flow scale this energy distribution effect exceeds the diffusion effect and becomes the key factor in flame development. However, we appreciate that the differences are large, especially in the displacement of the maximum gradient which is not in concordance with the experimental and one dimensional numerical results.
This difference could be due to the precision or the method in which the equations of the chemical model are integrated in Ansys Fluent.
Concerning the temperature values, see Fig. 8 , all models practically predict the same temperature for the burn gases. The reduced mechanisms predict higher temperature, but the difference is less than 7%. For industrial applications it can be appreciated that all models offer a good accuracy.
Next, we tried to investigate the influence of transport and thermodynamics properties. We note that the all properties are calculated for the mixture, counting all species contributions in the mechanisms. The prediction for density, specific heat, viscosity and thermal conductivity are plotted in Fig. 9 .
The predicted density plotted on the flame thickness direction (Fig. 9a) shows that all models predict a similar variations but because the much thinner flame front predicted by complete and skeletal mechanisms the density gradient is significantly higher for these models. The Fig. 9b refers to the computed density mixture against the dimensionless temperature c.
All models, despite the complexity, number of species and reactions involved predict the same mixture density with the temperature, possibly the mass fractions of various species involved in mechanisms harmonizes to achieve the same values.
Fig . 9 The prediction of density, specific heat, viscosity and thermal conductivity for all studied mechanisms
The prediction of specific heat variation is represented versus the normal to the flame direction and versus dimensionless temperature respectively, in Fig. 9c and Fig. 9d .
Again, we see that the variation of the mixture specific heat with the adimensional temperature is the same for all models, but the distributions on the flame thickness differ. Similar conclusions were obtained concerning the viscosity of the mixture.
We note significant differences on the thermal conductivity values for the mixture, as shown in Fig. 9g and Fig. 9h . In the preheat zone all reduced mechanism predict the thermal conductivity very well, while the complete and skeletal mechanisms presents a much sharper gradient which is in concordance with the displacement of the maximum gradient of adimensional temperature in the preheat zone (Fig. 7) . In the burn side all mechanisms predicts lower values for thermal conductivity than the values predicted by Cantera with GRI3.0 mechanism. We believe the differences at high temperatures are caused by the contributions of secondary species for which the assumed laws for thermal conductivity variation with temperature are not well validated.
Turbulent cold flow
To avoid the uncertainties induced by the chemical model and by the turbulence-combustion interaction, first, a cold flow in turbulent conditions is analysed. Turbulence statistics have been previously obtained, in accurate studies, by Samson [8] and Mazellier [9] by Particle Image Velocimetry and Laser Doppler Velocimetry, the evolution, in the flow direction, of the turbulent kinetic energy 2 / ) (
is reported in Fig. 10 where u , v and w are the velocity fluctuations. The boundary condition parameters imposed for velocity inlet are presented in Table 3 where turbulent intensity is 
Turbulent flame
For this turbulent combustion analysis we chose two chemical kinetic mechanism: from complete and skeletal Kee mechanism and from reduced R1 mechanism. We found that these two mechanisms are to be the closest to the experimental and one dimensional numerical results. For these mechanisms the turbulence-chemistry interaction is been provided through finite-rate/ED (eddy dissipation) mechanism; also for premix combustion we use Zimont model.
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The predicted temperature along the flame front thickness is presented in Fig. 11 . The cases that were investigated correspond to four turbulence intensities, for low and moderate turbulence intensity the calculated and experimental results are sufficiently close, see Fig.  11a and Fig. 11b . With the increase of turbulent intensity the experimental flame thickness is much higher compared with numerical predictions. Partially the differences can be caused by the two dimensional assumptions involved in numerical simulation and partially by the theoretical model for turbulence-combustion interaction used; also for the highest intensity turbulence the experimental results may be not sufficiently accurate because of insufficient number of shots acquired. In the future we will try to simulate the tri-dimensional flow with LES model. 
CONCLUSION
In this paper we investigate a lean methane-air flame with ten chemical reaction mechanisms, starting with one reaction up to 325 reactions for laminar and turbulent combustion, one and bi-dimensional problem. The burn gas temperature is very well approximated, only the reduced mechanisms have a margin of error of 7%, which is sufficient for the practical application. Major differences appear in the evaluation of the flame front thickness which highlights the value of the maximum temperature gradient. We found a variation up to 25% in case of complete mechanisms. The position of maximum gradient is shifted to preheat zone for complete and skeletal mechanisms and back to the burn zone for reduced mechanisms. For turbulent combustion for small and moderate turbulence intensity the prediction are satisfactory. In general the experimental flame front thickness is higher than numerical prediction.
